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Abstract 
The major and minor element chemistry of silicate glass is commonly measured using electron 
probe micro-analysis (EPMA). The volatile content (H2O ±CO2) can, additionally, be 
quantified using ‘volatiles by difference’ (VBD), but a review of literature data shows that this 
method consistently overestimates the volatile content. We propose that sub-surface charging 
during EPMA reduces analytical totals, consequently elevating VBD. Sub-surface charging 
produces an internal electric field due to trapped implanted electrons, resulting in fewer X-rays 
being generated and their depth of generation being shallower. The maximum electric field 
strength required to produce the observed overestimation of VBD is calculated to be ~10-1 
V·nm-1. Crystals are often used as standards for glass analysis but, as amorphous materials have 
more defects in the band gap, glasses can trap more electrons resulting in greater amounts of 
sub-surface charging. As this is not included in matrix corrections, it causes errors for glass 
analyses, but not for crystal analyses. By calibrating VBD using hydrous glass standards, the 
effect of charging can be incorporated, and volatile contents can be determined to an accuracy 
of ±0.1 wt.%, compared to overestimation by ~1 wt.% using conventional VBD methods. 
Keywords: Electron probe micro-analysis (EPMA), volatiles by difference (VBD), silicate 
glass, sub-surface charging, water, Monte Carlo. 
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Highlights 
• Literature data overestimates volatiles in silicate glass using volatiles by difference 
method (VBD) 
• Silicate glass with >2 wt.% volatiles are overestimated by ~1 wt.% on average 
• Sub-surface charging decreases X-ray intensity and analytical totals, increasing VBD 
• Using glass standards to calibrate VBD achieves accuracy of ±0.1 wt.% 
 
1 Introduction 
Electron probe micro-analysis (EPMA) is a critical technique for analysing the composition of 
silicate glass in volcanology and petrology, such as in melt inclusions and interstitial glass (e.g., 
Faure and Schiano, 2005). Major and minor element concentration changes, which can be 
quantified directly using EPMA, provide information on the diversity of magmas (e.g., primary 
magma composition and mixing events prior to eruption) and their pre-eruptive crystallisation 
history (e.g., Kent, 2008; Michael and Cornell, 1998). Glass composition can be used in 
combination with mineral chemistry to test for equilibrium conditions (e.g., Fe-Mg exchange 
between melt and olivine, Roeder and Emslie, 1970) and estimate magma pressures and 
temperatures (e.g., olivine-, feldspar-, and pyroxene-melt thermobarometry, see Putirka, 2008, 
for a review). However, the concentration of the key volatile components (H2O and CO2) that 
have a profound effect on the physical properties of melts (density and viscosity, e.g., Giordano 
and Dingwell, 2003; Ochs and Lange, 1999), phase relations (e.g., Feig et al., 2006), degassing 
and eruptive style (e.g., Métrich and Wallace, 2009), cannot be easily and directly determined 
by EPMA. This shortcoming limits significantly the utility of EPMA in understanding volcanic 
processes.  
One approach to this issue is to estimate the H2O+CO2 content of silicate glass by EPMA using 
the indirect “volatiles by difference” (VBD) method, whereby the discrepancy between the 
analytical total for measurable (major and minor) elements and 100 wt.% provides an estimate 
for the total volatile content (Blundy and Cashman, 2008; Devine et al., 1995; Humphreys et 
al., 2006; King et al., 2002; Nash, 1992). Many trace elements are not analysed by EPMA and 
if they occur in high abundances will lead to an underestimation of the total. Typically, 
individual major elements are measured to ~1 % relative error, which results in a ±0.5–0.7 
wt.% error on VBD, corresponding to a combination of the errors on individual elements 
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(Devine et al., 1995; Humphreys et al., 2006). The volatile component by VBD cannot be 
separated into H2O and CO2 but, as H2O is an order of magnitude more soluble in silicate melts 
than CO2, most of the VBD is H2O. The VBD method has been used widely to quantify the 
volatile content of experimental samples (e.g., Botcharnikov et al., 2008; Di Carlo et al., 2006; 
Erdmann and Koepke, 2016) and natural samples such as melt inclusions (e.g., Holtz et al., 
2004; Métrich et al., 2004; Rutherford and Devine, 1996; Sommer, 1977). 
There are a variety of techniques that can directly and precisely analyse H2O and CO2 in silicate 
glass, such as SIMS, FTIR and Raman (e.g., Hauri et al., 2002; Newman et al., 1986; Thomas, 
2000). For comparison, EPMA has higher spatial resolution than SIMS and FTIR (~5 μm 
diameter using EPMA compared to ~15 μm for SIMS or ~100 μm for FTIR) and is more widely 
accessible (and less expensive) than SIMS. Also, EPMA does not suffer from problems due to 
fluorescence or the presence of nanolites which can effect quantification using Raman (e.g., Di 
Genova et al., 2017b). Therefore, EPMA is often used to estimate H2O when other techniques 
are unavailable and, uniquely, provides the complete major and minor element glass chemistry 
in a single analysis.  
A review of literature data (n = 524, see Supplementary Material for complete dataset) of VBD 
compared to “measured volatile content” (H2O, and CO2 where available) is summarised in 
Table 1 and Figure 1. In these studies, H2O concentration is measured using FTIR, SIMS, Karl-
Fischer titration, or assumed in accordance with experimental conditions (e.g. solubility), 
whilst CO2 concentration is measured using SIMS or FTIR (Table 1). Errors are not shown but 
are typically <10 % relative for measured volatile contents and <0.7 wt.% for VBD. Most (n = 
287) of the data is for measured volatile contents <2 wt.%, with slightly fewer (n = 226) 
analyses of volatile-rich glasses with 2–6 wt.%. There are very few data (n = 11) for glass with 
>7 wt.% measure volatile content. If VBD and measured volatile content agreed, the data would 
be evenly distributed around the 1-to-1 trend (Figure 1a), with equal number of analyses under- 
and overestimating the measured volatile content (Figure 1c). Instead, most of the data lie 
above the 1-to-1 trend (Figure 1a), with more analyses (>50 %) overestimating the measured 
volatile content (Figure 1c). This indicates a systematic error, which is not necessarily obvious 
in small datasets. Including all data (n = 524), the volatile content is overestimated in 63.5 % 
of analyses (mean overestimation 0.41 wt.% with one standard deviation, 1σ, 1.16 wt.%). For 
data with measured volatile contents < 2 wt.% (n = 287), VBD overestimates the volatile 
content in 54.7 % of analyses (mean overestimation 0.08 wt.%, 1σ 0.72 wt.%) (Figure 1b). For 
measured volatiles > 2 wt.% (n = 237), overestimation occurs in 74.3 % of analyses (mean 
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overestimation 0.81 wt.%, 1σ 1.43 wt.%). Either EPMA VBD overestimates the true volatile 
content, or techniques such as SIMS, FTIR or Karl-Fischer titration underestimate the true 
volatile content. As a variety of different techniques are used to quantify the measured volatile 
content in these literature data, it seems unlikely that all these techniques would underestimate 
the true volatile content to the same degree. Hence, it is considered more likely that VBD 
consistently overestimates the true volatile content.  
 
Figure 1. (a) Volatiles by difference (VBD) calculated using EPMA against measured volatile 
content (H2O, and CO2 where available). Where Fe oxidation state is known, analyses are 
coloured by SiO2 concentration. The solid line indicates the 1-to-1 trend and the dashed line 
the best-fit to all data (where Fe oxidation state is both known and unknown). (b) An expansion 
of the data from (a) at low volatile contents. (c) Histogram, binned by measured volatile 
content, showing the number of VBD analyses that over- and underestimate the measured 
volatile content on the left-hand axis, and the proportion of VBD analyses that overestimate 
the measured volatile content (white circles) on the right-hand side axis. Dataset includes 524 
analyses, which are available in full in the Supplementary Material. 
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Table 1 Literature data to compare VBD and measured volatiles. 
Study Composition n 
Method Measured volatiles (wt.%) Average 
overestimation 
(wt.%) H2O CO2 Fe
2+/FeT Range Mean ± 1σ 
Natural         
Cottrell and Kelley (2011) Basalt 59 FTIR n.d. μXANES 0.02–0.76 0.28 ± 0.15 -0.05 ± 0.54 
Nichols et al. (2002); Shorttle 
et al. (2015) Basalt 62 FTIR n.d. μXANES 
0.12–0.40 0.22 ± 0.07 0.04 ± 0.37 
Kelley and Cottrell (2009) 
Basalt to basaltic 
andesite 37 FTIR, SIMS 
FTIR, 
SIMS μXANES 
0.14–5.40 1.52 ± 1.30 -0.03 ± 1.05 
Naumov et al. (2008) Rhyodacite 16 SIMS n.d. n.d. 0.90–6.68 4.56 ± 1.60 0.16 ± 0.82 
Blundy et al. (2010) Dacite to rhyolite 38 SIMS SIMS n.d. 0.09–6.11 1.68 ± 1.55 0.42 ± 0.77 
Chabiron et al. (2001) Rhyolite 9 SIMS n.d. n.d. 0.57–3.73 1.92 ± 0.90 0.06 ± 0.32 
Delaney and Karsten (1981) Rhyolite 11 SIMS n.d. n.d. 0.20–3.70 1.92 ± 1.75 0.17 ± 0.91 
Drew et al. (2016) Rhyolite 11 FTIR FTIR n.d. 2.27–5.33 4.20 ± 0.89 2.15 ± 1.65 
Gurenko et al. (2005) Rhyolite 12 
SIMS, 
Raman n.d. n.d. 
1.70–6.50 4.78 ± 1.29 -2.22 ± 0.74 
Naumov (2011) Rhyolite 15 SIMS n.d. n.d. 0.07–6.40 1.86 ± 2.16 1.31 ± 1.47 
Smith et al. (2010) Rhyolite 25 SIMS SIMS n.d. 0.74–7.52 4.32 ± 1.62 1.17 ± 1.61 
Webster and Duffield (1991) Rhyolite 19 SIMS n.d. n.d. 0.40–2.70 1.07 ± 0.63 -0.09 ± 0.77 
Webster et al. (1995) Rhyolite 27 SIMS n.d. n.d. 1.60–6.50 3.77 ± 1.16 0.99 ± 1.69 
Webster et al. (1996) Rhyolite 24 SIMS n.d. n.d. 0.20–3.60 1.34 ± 1.11 0.41 ± 0.34 
Experimental         
Botcharnikov et al. (2005) Ferrobasalt 16 FTIR n.d. Mössbauer 0.72–4.82 2.23 ± 1.42 -0.03 ± 0.41 
Lesne et al. (2011) Basalt 20 SIMS, FTIR 
SIMS, 
FTIR Titration 
1.88–3.32 2.59 ± 0.40 2.14 ± 0.65 
Melekhova et al. (2015) Basalt 11 SIMS n.d. μXANES 0.60–7.20 4.27 ± 1.91 1.13 ± 0.97 
Stamper et al. (2014) Basalt 25 SIMS SIMS μXANES 0.03–5.20 2.98 ± 1.53 1.24 ± 1.53 
Di Genova et al. (2014, 2013) 
Latite, basalt, 
pantellerite 13 KFT n.d. Titration 
0.02–6.32 1.99 ± 1.81 -0.13 ± 0.40 
Riker et al. (2015) Dacite 8 SIMS SIMS μXANES 6.14–9.63 7.42 ± 1.22 0.71 ± 0.85 
Wilke et al. (2002) Dacite 5 KFT n.d. Mössbauer 10.70–11.10 10.88 ± 0.20 -0.17 ± 0.65 
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Devine et al. (1995) Rhyolite 10 SIMS, FTIR n.d. n.d. 0.16–6.38 3.11 ± 2.31 0.14 ± 0.36 
Di Genova et al. (2017) Rhyolite 11 * n.d. Titration  0 -0.50 ± 0.66 
Zhang et al. (1997) Rhyolite 8 FTIR n.d. n.d. 0.75–5.40 2.18 ± 1.69 0.14 ± 0.21 
Gaillard et al. (2001) 
Metaluminous - 
peralkaline rhyolite 23 FTIR n.d. Titration 
5.95–6.63 6.23 ± 0.16 1.47 ± 0.64 
Di Genova et al. (2016) Pantellerite 9 * n.d. Titration  0 -0.55 ± 0.45 
Notes: n refers to the number of analyses in each study; n.d. means not determined, * assumed due to experimental conditions; for measured 
volatiles, the range of the study is given followed by the average ± one standard deviation (1σ) in brackets; and the average overestimation is the 
average of (VBD – measured volatiles) for each study ± 1σ. The complete dataset is available in Supplementary Material.
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Evidently, VBD is accurate at low volatile contents (<2 wt.%), but consistently overestimates 
the volatile content in volatile-rich glass (>2 wt.%) by nearly 1 wt.%. Such large discrepancies 
would have significant impact on the calculated physical and chemical properties of the melt 
and, in turn, its behaviour before and during volcanic eruptions. For instance, a 1 wt.% 
overestimation in H2O concentration could change the calculated entrapment pressure of water-
saturated melt inclusions by up to ~50 MPa, equivalent to ~2 km depth change (Newman and 
Lowenstern, 2002). Similarly, Di Genova et al. (2013) calculate that the viscosity difference 
between 2.5 and 4.0 wt.% dissolved H2O is approximately an order of magnitude (10
2.4 to 103.3 
Pa·s at 1023 K). Therefore, it is important to understand the cause of the overestimation of 
VBD and to develop a method to improve the accuracy of VBD measurements. 
 
2 Volatiles by difference using electron probe micro-analysis 
EPMA uses the intensity of characteristic X-rays, generated by bombarding a sample with an 
electron beam, to measure its composition. Typically, Kα X-ray lines are used for quantification 
of elements with atomic number < 30, as they have the highest intensity of X-rays emitted from 
a specific atom. Kα X-rays are generated by an incident electron ejecting an electron from the 
innermost shell (K shell) of a target atom, which is replaced by an electron from the shell above 
(L shell), emitting the Kα X-ray. Element concentrations are calculated by comparing the 
intensity of X-rays emitted by standards of known composition to those emitted by the 
unknown. Emitted X-ray intensity depends on the number of X-rays generated and how much 
absorption and fluorescence occurs as they travel through the sample, which in turn depend on 
the sample composition. Matrix corrections are used to account for differences in composition 
between the standards and unknowns that would affect mean atomic number, absorption and 
fluorescence. As oxygen, a very important component of silicate glass, is not typically 
measured during EPMA, element concentrations are treated as oxide components, with the 
amount of oxide calculated stoichiometrically from the element at the assumed valence state. 
Glass is an insulator and therefore builds-up sub-surface charging during analysis as electrons 
become trapped within the sample (Bastin and Heijligers, 1991). This causes element 
migration, as ions are displaced in response to the build-up of charge at depth, and changes the 
generation and emission of X-rays (Cazaux, 1996). These potential causes for discrepant VBD 
analyses are addressed individually below. 
 
 2 
 
2.1 Converting to oxides: Oxidation state of multi-valent elements 
The valence state of the cation species in the glass must be known in order to calculate oxygen 
using stoichiometry. If oxygen itself is measured, the excess oxygen not required 
stoichiometrically by other elements can be used to calculate the unmeasured volatile 
component. For most elements in natural silicate glass there is a single valence state, but Fe 
and S can have multiple oxidation states, e.g. Fe can be present as FeO, Fe2O3, or a mixture of 
both. Per Fe atom, Fe2O3 is ~10 % heavier than FeO which results in a ±5 % relative error in 
oxide concentration when converting from elemental Fe if the oxidation state is unknown. This 
is important for basalts which contain 5–14 wt.% FeOT (FeOT = all Fe reported as FeO), as the 
uncertainty in the amount of oxygen assigned to Fe leads to a ±0.3–0.7 wt.% error in VBD. 
Consequently, to obtain reliable VBD, an independent constraint on Fe oxidation state is 
required (Donovan and Vicenzi, 2008; Nash, 1992). Rhyolites typically contain only 1–4 wt.% 
FeOT, therefore the uncertainty from the amount of stoichiometric oxygen assigned to Fe is 
small (±0.1–0.2 wt.%), and has a correspondingly smaller effect on VBD error. For rhyolites, 
therefore, an independent constraint on Fe oxidation state is less critical.  
As the Fe oxidation state is important in estimating VBD for silicate glass containing 
significant Fe, only data with measured Fe oxidation state are included in our compilation of 
published glasses with FeOT > 2 wt.% (e.g., basalts and pantellerites). In these cases, the 
measured Fe oxidation state is used to assign FeOT into FeO and Fe2O3 to calculate VBD. 
Where FeOT < 2 wt.% (e.g., rhyolites) the data are included even when no independent 
measurements of Fe oxidation state are available. At high concentrations sulphur oxidation 
state will also impact the analytical total, and therefore VBD. At S < 2500 ppm, the error due 
to the uncertainty in sulphur speciation (S2- to S6+) is < ±0.2 wt.%. If no Fe oxidation state is 
available and when S is reported, VBD is calculated assuming all Fe is Fe2O3 and all S is SO3. 
Such VBDs represent a minimum estimate.  
 
2.2 Matrix corrections 
The matrix correction accounts for differences in mean atomic number, absorption and 
fluorescence of X-rays for samples with different compositions. If the unmeasured volatile is 
not included in the matrix correction for analyses without measured oxygen, the mean atomic 
number used for the matrix correction is incorrect and absorption by oxygen is underestimated. 
This can lead to analytical totals being underestimated by ~1 wt.% (Devine et al., 1995; 
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Donovan and Vicenzi, 2008; Roman et al., 2006). This is corrected for by calculating the 
unmeasured volatiles (typically specified as H2O) by difference within the matrix correction 
routine (Donovan and Tingle, 1996).  
 
2.3 Element migration 
Silicate glass can become unstable during EPMA due to the diffusive migration of mobile 
elements (e.g., Na), sometimes referred to as ‘beam damage’ (e.g., Nielsen and Sigurdsson, 
1981). Glass composition controls the severity of beam damage and hydrous glass is more 
susceptible than anhydrous glass (e.g., Hughes et al., 2018; Humphreys et al., 2006; Zhang et 
al., 2018). Element migration can also occur in hydrous minerals, such as amphibole and 
apatite, causing errors in VBD estimates of these minerals (e.g., Stock et al., 2015). Beam 
damage is accompanied by a corresponding increase in the concentration of immobile elements 
(e.g., Si and Al) referred to as “grow-in” (e.g., Morgan and London, 2005; Nielsen and 
Sigurdsson, 1981). These problems can be corrected for by monitoring the X-ray intensity over 
time and extrapolating back to the initial value (Nielsen and Sigurdsson, 1981), often referred 
to as “time-dependent intensity” (TDI) corrections. As the change in X-ray intensity with time 
is not necessarily linear, only elements measured at the onset of the analysis can be corrected 
for (one per spectrometer, or typically five out of the twelve commonly analysed elements). 
Therefore, it is important to measure first those elements that are likely to diffuse or grow-in. 
Measuring mobile elements first and for short times, even where the TDI correction is not 
required, is now routinely employed to address this problem (e.g., Blundy and Cashman, 2008) 
 
2.4 Sub-surface charging 
Electrical insulators (e.g., silicate crystals and glasses) have a large band gap, which is the 
energy difference between the valence and conduction bands where no electrons can reside. 
Hence, for insulators a large amount of energy is required to promote an electron from the 
valence band into the conduction band. For electron imaging and EPMA, insulator materials 
are routinely coated with a thin conductive layer, typically carbon, to prevent surface charging. 
The conductive coat does not, however, prevent sub-surface charging, whereby incident 
electrons are trapped within the sample (Cazaux, 1996). Charge is trapped as electrons 
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occupying energy levels in the band gap produced by defects, such as a vacancies, interstitial 
atoms or substitutions within the lattice structure. 
Trapped electrons generate an electric field within the sample, which enhances the deceleration 
of electrons as they pass through the sample. Hence, X-ray ionisations are reduced and 
generated closer to the surface and undergo less absorption. This is reflected in the change in 
calculated φ(ρZ) curves, which depict intensity variations in X-ray generation and emission 
with depth relative to a thin film (e.g., Figure 2), by an internal electric field (Cazaux, 1996). 
The resulting measured X-ray intensity is a trade-off between these two effects. For low energy 
X-rays, e.g. OKα, where X-ray absorption by the matrix is reduced, emitted X-ray intensity 
may increase, but for most higher energy X-rays intensity will fall as a consequence of charge 
trapping. 
Charge-trapping sites, (i.e., defects in the band gap) are more common in amorphous materials 
than in single crystals (Bonnelle, 2004),. Therefore, the magnitude of sub-surface charging 
effects is greater in glasses than in crystals, all else being equal. Furthermore, charge trapping 
is dynamic and can increase as a result of electron beam irradiation (Bonnelle, 2004). Typically, 
crystalline materials that are stable under the electron beam are used as standards. When these 
crystalline standards are used for crystal analysis they should experience a similarly small 
magnitude of charging and no quantification error will be observed. Hence, the issue of sub-
surface charging has little impact on the analysis of anhydrous minerals (individual crystals), 
which typically yield totals of 100±0.5 wt.% when oxygen is calculated by stoichiometry, 
notwithstanding Fe redox issues described above. Conversely, when crystals are used as 
standards for glass analysis, the magnitude of sub-surface charging will likely be different, 
providing a potential explanation for the discrepancy in analytical totals. Sub-surface charging 
is not included in current matrix corrections, as the amount of charging is difficult to determine. 
If standards and unknowns experience different amounts of charging during analysis, 
quantification errors may result. 
Direct measurements of sub-surface charging are difficult, but are possible post-irradiation 
within ground-coated insulators using the pressure wave propagation method (Maeno et al., 
1989), thermal pulse method (Cherifi et al., 1992), or electrical methods (Sessler and Yang, 
1998). To measure the dynamic build-up of charge, the electrostatic influence method can be 
used on coated (Jbara et al., 2002) and uncoated (Fakhfakh et al., 2003) samples. Using this 
technique, maximum electric field strengths (Fmax) of ~ 1 V·nm-1 have been measured in glass 
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(Jbara et al., 2004, 2002), that would cause significant distortion to the φ(ρZ) curve (Cazaux, 
1996; Jbara et al., 1997). Sub-surface charging has been observed indirectly by measuring the 
migration of alkali elements in glasses over time (e.g., Gedeon et al., 1999; Gedeon and Jurek, 
2002; Jbara et al., 1995; Lineweaver, 1963), and by comparing the X-ray intensity of charged 
and uncharged polycrystalline Al2O3 (e.g. Benhayoune and Jbara, 1996; Ghorbel et al., 2005). 
Using the decay of NaKα X-ray intensities over time and measured diffusivities of Na through 
silicate glass, Jbara et al. (1995) calculated Fmax of 10
-4–10-1 V·nm-1. As these magnitudes of 
sub-surface charging may measurably impact quantitative EPMA, we investigate the effects of 
sub-surface charging on the analysis of hydrous glass to see whether this additional effect could 
cause an underestimation of analytical totals and concurrently elevation of VBD. 
 
3 Methods 
We modelled the effect of sub-surface charge on glass analysis using the Monte Carlo 
simulation program Win X-ray (Demers and Gauvin, 2004; Gauvin et al., 2006), which 
incorporates the charge density model proposed by Cazaux (1996). We then use the results 
from Win X-ray to calculate the VBD.  
 
3.1 Sub-surface charging model 
Sub-surface charging can be modelled using the steady-state sub-surface charging model of 
Cazaux (1996). This uses a one-dimensional charge distribution, which is valid if the irradiated 
area is large compared to the maximum penetration depth of electrons and charge builds up 
instantaneously. The sample thickness must greatly exceed the maximum penetration depth of 
electrons, and the top and bottom surfaces of the sample must be grounded (Cazaux, 1996; 
Demers and Gauvin, 2004). In this case, the electric field within the sample is described by: 
F=[ρt(zmax–z)]/ε 
where F is the electric field strength (V·m-1), ρt is the trapped charge density (C·m-3), zmax is 
the maximum penetration depth of electrons (m), z is the depth in the sample (m), and ε is the 
permittivity of the sample (F·m-1) (Cazaux, 1996). The maximum electric field (Fmax) occurs 
at the interface between the sample and the conductive coat (z = 0). The magnitude of the 
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electric field is thus dependent on both the material properties of the sample and the analytical 
conditions.  
 
3.2 Win X-ray: Monte Carlo simulation program 
The inputs for Win X-ray are sample composition and density (ρm), analytical conditions 
(accelerating voltage, beam current and beam diameter), and maximum electric field (Fmax). 
The maximum penetration depth of electrons within the sample (zmax), φ(ρZ) curves (generated 
and emitted), and measured X-ray intensity (I) for the principal characteristic X-rays (e.g., Kα, 
Kβ, Lα) of each target element are calculated. 
We choose glass St8.1.B from Lesne et al. (2011) as the sample composition as it is a typical 
basalt. To simplify the composition, all Fe is FeO and volatiles other than H2O (S, Cl, and CO2) 
are excluded. We modelled typical analytical conditions used for silicate glass (15 kV 
accelerating voltage, 10 nA beam current, and 10 μm beam diameter), with dissolved H2O 
concentrations of 0, 5 and 10 wt.%. ρm for each H2O concentration was calculated using density 
models of melts at room temperature and pressure, which were 2.793, 2.652 and 2.524 (g·cm-
3) for 0, 5 and 10 wt.% H2O respectively (Bottinga and Weill, 1970; Lange, 1997; Lange and 
Carmichael, 1990; Ochs and Lange, 1999; Toplis et al., 1994). We varied Fmax between 0 and 
0.2 V·nm-1 for each H2O concentration, and the maximum penetration depth (zmax) was 
calculated using the Kanaya-Okayama Range (Kanaya et al., 1972). The large beam diameter 
satisfies the requirement of one-dimensional charge distribution (i.e., charge distribution only 
varies in z as the irradiated area is large compared to the electron penetration depth). Each 
simulation was run for one million electrons. 
 
3.3 Calculating VBD from Win X-ray results 
X-ray intensities without sub-surface charging (I) were used as standards to derive k-ratios (k 
= I′/I, I′ is the X-ray intensity with sub-surface charging) at each H2O concentration and 
calculate concentrations when sub-surface charging was imposed (C′ = k·C, where C is the 
specified concentration). The measured analytical total and VBD were then calculated. An 
example calculation is shown in Table 2. 
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Table 2. Example calculation of modelled oxide concentration (C′) by comparing uncharged 
X-ray intensities (I) to charged X-ray intensities (I′), for Fmax = 0.20 V·nm-1. 
 I I′ k C (wt.%) C′ (wt.%) 
SiO2 5.96 × 104 5.85 × 104 0.980 51.86 50.08 
TiO2 7.97 × 102 7.65 × 102 0.960 0.84 0.81 
Al2O3 1.99 × 10
4 1.96 × 104 0.983 18.63 18.31 
Fe2O3 4.52 × 10
3 4.36 × 103 0.964 8.12 7.83 
MgO 4.67 × 103 4.62 × 103 0.990 6.02 5.96 
CaO 1.79 × 104 1.72 × 104 0.961 11.11 10.68 
Na2O 7.42 × 102 7.40 × 102 0.997 1.98 1.97 
K2O 2.86 × 10
3 2.76 × 103 0.963 1.44 1.39 
H2O    0.00 - 
Total    100.00 97.78 
VBD    0.00 2.22 
Notes: Data are available in the Supplementary Material. 
 
4 Results 
Figure 2 gives the φ(ρZ) curves of the Kα lines of interest, in order of increasing X-ray energy 
from upper left to lower right. Values of the φ(ρZ) function of the emitted curve [φ(ρZ)e] are 
always less than the generated curve [φ(ρZ)g], as some X-rays are always absorbed. At shallow 
depths in the sample, φ(ρZ)g for Fmax = 0.00 and 0.20 V·nm-1 are comparable, but at greater 
depths, the intensity of generated X-rays falls off more quickly for Fmax = 0.20 V·nm
-1. For Si, 
Al, Mg and Na calculated values of φ(ρZ)e for Fmax = 0.00 and 0.20 V·nm-1 are similar, whereas 
for Ti, Fe, Ca, and K φ(ρZ)e for Fmax = 0.20 V·nm-1 is noticeably less than for Fmax = 0.00 
V·nm-1. 
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Figure 2. Generated and emitted φ(ρZ) curves against depth for Kα lines of different elements 
(in ascending order of X-ray energy, indicated in the bottom right corner) for St8.1.B with 5 
wt.% H2O, for Fmax = 0.0 (black) and 0.2 V·nm
-1 (red). 
Figure 3 shows that for X-rays with energies > 1 keV k < 1.00, whereas for X-rays with energies 
< 1 keV, k > 1.00. Measured X-ray intensities are reduced by the presence of an electric field 
for most elements routinely measured by EPMA (Figure 3). On the other hand, the intensity of 
heavily absorbed X-rays, such as OKα, increases in the presence of an electric field. Broadly, 
k decreases with increasing X-ray energy, Fmax, and H2O concentration of the glass, but does 
not do so smoothly. The effect of Fmax and H2O concentration increases with increasing X-ray 
energy. For H2O concentrations of 0 and 5 wt.% k increases for X-ray energies > 5 keV, 
whereas for 10 wt.% H2O it does not change. The effect of H2O concentration on k increases 
with increasing Fmax. 
 
Figure 3. k against X-ray energy with energy of Kα X-rays for different elements indicated 
along the top. Different values of Fmax are shown using different line colours, whilst different 
glass H2O concentrations are shown by different line styles. For instance, results using an Fmax 
of 0.10 V·nm-1 for H2O = 5 wt.% are shown in the long-dashed, light blue line. Data are 
available in the Supplementary Material. 
Reduction in X-ray intensities means that VBD, calculated using C′, is always greater than the 
specified H2O (Figure 4). The value of VBD increases with increasing Fmax, and lines of equal 
Fmax appear parallel (Figure 4). 
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Figure 4. Volatiles by Difference (VBD) calculated using Win X-ray plotted against volatile 
content, for different Fmax (line colour). Literature data included for comparison. Data for basalt 
glass of Lesne et al. (2011) are highlighted. 
 
5 Discussion 
5.1 Effect of Fmax 
Modelling results confirm that more low energy X-rays (<1 keV) and fewer high energy X-
rays (>1 keV) are emitted when an electric field is present. This is because, although fewer X-
rays are generated overall, they are generated at shallower depths reducing X-ray absorption 
which most affects strongly absorbed, rather than weakly absorbed, X-rays. Moreover, the 
deceleration of electrons will affect high energy X-rays more than low energy X-rays as the 
overvoltage (ratio of the accelerating voltage to the critical excitation energy of the X-ray) is 
smaller; the magnitude of intensity reduction will therefore vary with primary accelerating 
voltage (Ghorbel et al., 2005). As the Kα X-rays used for quantification are >1 keV, the 
presence of an electric field in the glass reduces emitted X-ray intensity (Figure 2 and Figure 
3), resulting in low analytical totals and overestimated VBD (Figure 4). Oxygen can be 
measured to calculate the volatile content, but this would also lead to an overestimation of 
volatiles because the intensity of OKα increases with an electric field present. At constant Fmax, 
k decreases with increasing H2O concentration, which is likely due to the decrease in ρm that 
results from increasing amounts of dissolved H2O in the glass. For most Kα lines this effect is 
small, as reflected in almost parallel lines of modelled VBD at different values of Fmax. 
We can compare our results to the studies of Jbara et al. (2004, 2002, 1995) that irradiated 
glasses at a 13.0–18.5 kV accelerating voltage, 2–3 nA beam current, and 101–107 μm2 
irradiated area, giving doses of 10-4–102 C·m-2·s-1, similar to those modelled here (~101 C·m-
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2·s-1). The Fmax we inferred using Win X-ray (~10-1 V·nm-1) is in the range measured by Jbara 
et al., i.e. 10-4–100 V·nm-1.  
 
5.2 Controls on Fmax 
Win X-ray adopts a user-selected Fmax during simulation, but it is important to understand what 
might control this value. Fmax is inversely proportional to ε, and glass has a value of εr (relative 
permittivity, or dielectric constant) of 3–10, which depends on composition, temperature, and 
frequency. For anhydrous basalt εr ≈ 4.8 (Carmisciano et al., 2011). Unfortunately, there are 
no data available for the effect of H2O concentration on εr. 
Fmax is proportional to zmax, which increases with decreasing ρm and increasing accelerating 
voltage. ρm is a function of glass composition, including H2O concentration, hence zmax and 
Fmax increase with increasing H2O concentration. This is consistent with the increased 
discrepancy between measured volatile content and VBD at elevated H2O concentration 
(Figure 1 and Table 1). For glass with measure volatile content < 2 wt.%, the mean 
overestimation was 0.08 wt.% (with one standard deviation, 1σ, 0.72 wt.%), whereas for glass 
with measured volatiles content > 2 wt.% the mean overestimation was 0.81 (1.43 1σ) wt.%. 
Fmax is also proportional to ρt. Intrinsic charge-trapping sites are a material property, caused by 
defects in the band gap (Bonnelle, 2004), which is partly a function of glass composition 
(Fakhfakh et al., 2010). Bombarding a sample with electrons creates additional charge-trapping 
sites (Bonnelle, 2004), hence ρt is also dependent on analytical conditions, such as beam 
current. Jbara et al. (1995) found that a constant proportion of charge (relative to the number 
of incident electrons per unit area, dose), was trapped in glass during analysis. This requires 
the number of charge-trapping sites to increase linearly with electron dose. Using results from 
Win X-ray gives a ρt ≈102 C·m-3 for our data. The dose rate is ~101 C·m-2·s-1 which means that 
~10-3 % of incident electrons are trapped, an order of magnitude larger than 2.6 × 10-4 % from 
Jbara et al. (1995) at similar,  analytical conditions. The main differences between our study 
and that of Jbara et al. (1995) are the concentrations of SiO2 (73 vs. 52 wt.%) and H2O (0 vs. 
1–3 wt.%). In the literature data (Figure 1a), there is no significant difference in the magnitude 
of charging between glasses of different SiO2 concentrations. Conversely, glasses with 
measured volatiles < 2 wt.% appear to suffer little charging whereas those with >2 wt.% are 
more affected (Figure 1). We conclude that the order of magnitude difference in charge-
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trapping proportion between our study and Jbara et al. (1995) is most likely caused by H2O 
concentration. Hydrous glass are more unstable during electron beam irradiation (Hughes et 
al., 2018; Humphreys et al., 2006; Zhang et al., 2018), which could create more charge-trapping 
sites during analysis compared to anhydrous glass or crystals, and hence increased Fmax. 
 
5.3 Obtaining accurate VBD 
Matrix corrections could include the effects of sub-surface charging on X-ray generation, 
therefore allowing primary standards that are affected by different amounts of charging (e.g. 
crystals and anhydrous glass) to be used for calibration (Cazaux, 1996). Unfortunately, this 
requires accurate calculation of Fmax in both primary standards and unknowns at the analytical 
conditions used. As ρt depends on composition, structure, and analytical conditions, it must be 
measured rather than calculated on the primary standards and unknowns during analysis. Such 
measurements are not routine and there are few data on the effect of composition (especially 
H2O concentration) on εr, a requisite for calculating Fmax. 
Alternatively, matrix-matched primary standards (i.e., hydrous glasses of appropriate 
composition) can be used for major element calibration, such that primary standards and 
unknowns would experience similar amounts of charging. This requires different major 
element primary standards for each glass H2O concentration. Currently few, if any, hydrous 
glass primary standards with independent measurements of composition exist. However, the 
error on any single element is small and typically within analytical error. Hence in practice 
only VBD needs to be corrected for the effect of sub-surface charging and this can be done by 
internally calibrating VBD with a set of well characterised, matrix-matched secondary 
standards of known volatile content (e.g., Botcharnikov et al., 2008; Di Carlo et al., 2006; Holtz 
et al., 2004) and Fe (±S) oxidation states. The VBD secondary standards should be analysed 
using the same analytical and calibration conditions as the unknowns to generate an empirical 
calibration curve for each session. This will result in similar amounts of charging in the 
secondary standards as in the unknowns. To produce a reliable calibration curve for VBD, a 
range of H2O concentrations covering those expected in the unknowns should be used to avoid 
extrapolation. Additionally, there must be an independent constraint on the Fe oxidation state 
(and S if the concentration is high) of the unknowns if they are Fe-rich basalts or pantellerites.  
From Figure 4 it can be seen that the Lesne et al. (2011) data have measured VBD data 
comparable to modelled VBD for Fmax ≈ 0.1 V·nm-1. An example of the empirical correction 
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using these data is shown in Table 3 and Figure 5Error! Reference source not found.. Glass 
composition and S oxidation state were measured by EPMA, Fe oxidation state by wet 
chemistry, and H2O and CO2 concentration by SIMS and/or FTIR. Samples from St8.1.B are 
used as VBD secondary standards as they cover the widest range in H2O (1.9–3.1 wt.%), and 
samples from MAS.1.A and MAS.1.B are treated as unknowns (Table 3 and Figure 5). The 
average accuracy improves from a consistent overestimate of +1.69 (0.23 1σ) to a slight 
underestimate of -0.06 (0.32 1σ) wt.%. This demonstrates the viability of using an empirical 
correction to achieve high accuracy VBD, by accounting for both variations in sub-surface 
charging and calibration errors. 
Table 3 Example VBD correction using data from Lesne et al. (2011). 
Sample Measured 
volatiles (wt.%) 
s.d. VBD 
(wt.%) 
s.d. VBD corrected 
(wt.%) 
s.d. 
MAS.1.B2a 2.21 0.13 4.30 0.40 2.60 0.48 
MAS.1.B3a,b 2.49 0.13 4.39 0.84 2.72 1.01 
MAS.1.B4a,b 2.62 0.13 4.39 0.36 2.70 0.43 
MAS.1.B5a,b 2.26 0.13 4.10 0.52 2.36 0.63 
MAS.1.B6 2.41 0.13 3.68 0.73 1.85 0.87 
MAS.1.B7b 1.84 0.12 3.30 0.75 1.41 0.90 
MAS1.A1a 2.63 0.13 4.62 0.50 2.98 0.60 
MAS1.A2a 2.14 0.13 3.99 0.44 2.24 0.53 
MAS1.A3a 2.68 0.13 4.09 0.57 2.36 0.68 
MAS1.A4a 2.62 0.13 4.15 0.48 2.42 0.57 
MAS1.A5a 2.24 0.13 3.81 0.46 2.01 0.55 
MAS1.A6  2.42 0.13 3.77 0.88 1.97 1.05 
MAS1.A7a 2.04 0.10 3.93 0.90 2.15 1.08 
St8.1.B2a 2.41 0.13 4.26 0.73 2.55 0.88 
St8.1.B3a 3.07 0.13 4.63 0.51 2.99 0.61 
St8.1.B4a,b 3.20 0.13 4.67 0.40 3.05 0.48 
St8.1.B5a 2.67 0.13 4.48 0.57 2.82 0.68 
St8.1.B6 2.80 0.13 4.56 0.65 2.91 0.78 
St8.1.B7a 1.88 0.14 3.55 0.47 1.70 0.57 
Notes: Measured volatiles is H2O (+CO2) using SIMS and/or FTIR, VBD includes 
aFe2+/FeT 
and bS6+/ST, and VBD corrected uses an empirical correction based on St8.1.B data such that 
VBD corrected = (VBD – 2.13)/0.83. The full calculation is available in the Supplementary 
Material. 
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Figure 5 VBD against measured volatiles (H2O+CO2) from glasses of Lesne et al. (2011), 
where VBD includes independent constraints on Fe2+/FeT and S
6+/ST. Closed symbols are the 
raw data and open symbols have been calibrated using a fit to the St8.1.B glasses (blue line). 
The VBD errors are propagated from the standard deviations on each measured oxide and the 
analytical error on Fe (0.03) and S (0.05) oxidation states. If there was no measurement of Fe 
and/or S oxidation state, a value of 0.5±0.5 (i.e., unknown) was used. The black line indicates 
the 1-to-1 trend. Data available in the Supplementary Material. 
 
6 Conclusions 
Sub-surface charging is an important process to consider during EPMA of insulating materials, 
especially hydrous silicate glass, due to its effect on quantitative analysis (Cazaux, 1996). Sub-
surface charging causes element migration and redox changes during analysis (e.g., Hughes et 
al., 2018; Humphreys et al., 2006; Zhang et al., 2018). Our Win X-ray modelling shows that 
sub-surface charging can also have a measurable effect on X-ray generation and emission, 
resulting in low analytical totals and high VBD contents. The ~1 wt.% overestimation of 
volatiles, predominantly H2O, observed in the literature data when hydrous glass contains >2 
wt.% volatiles, could cause a 50 MPa overestimation of the entrapment pressures of melt 
inclusions (Newman and Lowenstern, 2002), often used to decipher the architecture of volcano 
plumbing systems (e.g., Blundy and Cashman, 2008), resulting in ~ 2 km depth change which 
is on the order of the resolution of geophysical observations for shallow magma chambers (e.g., 
Field et al., 2012). The same issue would also cause an order of magnitude underestimation in 
the viscosity (e.g., Di Genova et al., 2013), which could change the inferred flow regime (e.g., 
Turner and Campbell, 1986), fragmentation mechanism (e.g., Namiki and Manga, 2008; 
Zhang, 1999), and whether the melt remained coupled to entrained bubbles and crystals (e.g., 
Jaupart and Vergniolle, 1988). Using an empirical correction to correct VBD removes the 
systematic overestimation of volatiles, and provides accurate volatile contents using EPMA. 
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This makes EPMA a useful, low-cost alternative to other techniques such as FTIR, SIMS and 
Raman, for analysis of volatiles at high spatial resolution, using a more readily available 
analytical instrument that does not suffer from problems due to fluorescence and nanolites. 
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